The mammalian nervous system communicates important information about the environment to the immune system, but the underlying mechanisms are largely unknown. Secondary lymphoid organs are highly innervated by sympathetic neurons that secrete norepinephrine (NE) as the primary neurotransmitter. Immune cells express adrenergic receptors, enabling the sympathetic nervous system to directly control immune function. NE is a potent immunosuppressive factor and markedly inhibits TNF-α secretion from innate cells in response to lipopolysaccharide (LPS). In this study, we demonstrate that NE blocks the secretion of a variety of proinflammatory cytokines by rapidly inducing IL-10 secretion from innate cells in response to multiple Toll-like receptor (TLR) signals. NE mediated these effects exclusively through the β2-adrenergic receptor (ADRB2). Consequently, Adrb2 −/− animals were more susceptible to L. monocytogenes infection and to intestinal inflammation in a dextran sodium sulfate (DSS) model of colitis. Further, Adrb2 −/− animals rapidly succumbed to endotoxemia in response to a sub-lethal LPS challenge and exhibited elevated serum levels of TNF-α and reduced IL-10. LPSmediated lethality in WT animals was rescued by administering a β 2-specific agonist and in Adrb2 −/− animals by exogenous IL-10. These findings reveal a critical role for ADRB2 signaling in controlling inflammation through the rapid induction of IL-10. Our findings provide a fundamental insight into how the sympathetic nervous system controls a critical facet of immune function through ADRB2 signaling.
Introduction
Inflammation is a tightly controlled process that ensures proper localization of immune cells, release of pro-and anti-inflammatory mediators, clearance of dead cells, and containment of the pathogen (Ginhoux and Jung, 2014; Okabe and Medzhitov, 2016) . Intrinsic to the immune system are a series of checks and balances which are in place to prevent auto-reactivity and hyper inflammation. In addition, the immune system is also under direct control by the central nervous system. Early studies demonstrated that both primary and secondary lymphoid tissues are innervated by post-ganglionic sympathetic neurons that secrete NE as the primary neurotransmitter (Felten et al., 1981; Williams and Felten, 1981; Williams, 1981; Felten et al., 1985; Felten et al., 1987; Kendall and Al-Shawaf, 1991; Kendall, 1994; Reilly et al., 1979; Villaro et al., 1987; Panuncio et al., 1999; Nance and Sanders, 2007) . Likewise, immune cells express adrenergic receptors, which bind both epinephrine (E) and NE, giving the immune system the ability to directly respond to signals from the autonomic nervous system. E is primarily secreted by the chromaffin cells within the adrenal gland and exerting systemic effects, whereas NE is secreted predominantly by sympathetic nerves that terminate locally within peripheral organs. At rest, adrenergic neurons maintain the autonomic activity of the organs they regulate, such as heart rate, blood pressure, and gut peristalsis. Given the intimate association of sympathetic neurons and immune cells within lymphoid organs, NE represents the primary neurotransmitter that can immediately impact immune function (Sanders and Straub, 2002; Bucsek et al., 2018) .
While signaling through pattern recognition receptors (PRRs) promotes inflammatory cytokine secretion from antigen presenting cells, neurons themselves express various TLRs, enabling them to respond directly to certain pathogen-associated molecular patterns (PAMPs) (Burgueno, 2016; Zhao et al., 2014; Helley et al., 2015; Liu, 2013; Kaul, 2012; Peltier et al., 2010; Ma et al., 2007) . Consequently, sympathetic neurons secrete NE in response to pathogenic organisms (reviewed in (Nance and Sanders, 2007) . Both viral and bacterial infections elicit bursts of NE secretion from sympathetic neurons, and PAMPs such as lipopolysaccharide (LPS) drive NE released rapidly upon exposure (Calvano and Coyle, 2012; Rosenberg et al., 1961) . As such, NE carries
